A series of zinc phthalocyanine/mesoporous carbon nitride (ZnPc/M CN) nano composites was prepared successfully by an impregnation method. The addition of ZnPc (0.05-1.5 wt%) extended the absorption of M C N to longer visible light region w ithout affected its structure. It was found th at the photocatalytic activity of the nanocomposites for phenol removal depended on the loading am ount of ZnPc. The photocatalytic activity of the M C N increased as the am ount of ZnPc increased to 0.05 wt%, but further increase in the loading am ount decreased the activity. It was suggested that the optim um am ount of ZnPc acted as a good photosensitiser that effectively induced electron charge transfer and reduced the electron-hole recombination.
Introduction
Due to the toxicity of released waste, the management of industrial wastewater is highly concerned nowadays. Phenol can be found in industrial wastewater and has been recog nised as one of the organic pollutants, which is very toxic even at low concentration. Vari ous treatment methods have been used to remove phenol, such as adsorption [1] [2] [3] and biodegradation. [4] [5] [6] While the adsorption method presents drawbacks, such as the need of post-treatment to recover the adsorbent, the conventional biodegradation method is not adequate to treat non-biodegradable wastewaters even though it can be considered as an environmentally friendly way with reasonable cost. Moreover, usually a large amount of micro-organisms and a long residence time are required to degrade the pollutants. [7] Another alternative technology for pollutant removal is the advanced oxidation process (AOP), [7, 8] in which the oxidation processes take place by exploiting highly active *OH radicals for the mineralisation of pollutants. Catalytic and photocatalytic oxidation are examples of the AOP techniques. [7] [8] [9] [10] [11] [12] [13] [14] [15] Even though the thermal catalytic oxidation of phenol provides milder reaction conditions than the non-catalytic process, reactions con ducted under more ambient conditions would be more desired. Photocatalytic oxidation reaction would be one of the best technologies that can solve the problem since it can be conducted at around room temperature. For example, it was reported that TiO2 was able to mineralise phenol under UV light irradiation. [9] [10] [11] However, since sunlight only con sists of 5% UV light region and more than 40% visible light region, the development of het erogeneous photocatalysis applicable under visible light irradiation is highly needed. Recently, many efforts have been put into the design of visible light-active photocatalysts for organic pollutant removal. [12] [13] [14] [15] On the other hand, mesoporous carbon nitride (MCN) was reported to have a proper band gap energy of 2.7 eV that corresponds to blue light absorption of up to 450 nm. [16] In recent years, MCN has already been used as a photocatalyst for various reactions under vis ible light irradiation, such as for hydrogen evolution from water splitting [16, 17] and selec tive oxidation of alcohols. [18] The MCN has also been used to treat phenol, such as via adsorption [3] and photocatalytic reaction. [19, 20] In order to utilise sunlight in the coming future, the modification of MCN to extend its light absorption to longer wavelength is highly required. In the case of hydrogen evolution reaction, the addition of magnesium phthalocyanines (MgPc) to the MCN was reported to increase the photocatalytic activity of MCN under longer wavelength of visible light region. [21] The addition of zinc phthalocyanines (ZnPc) to the MCN was also reported to extend the light absorption of the MCN to longer visible light region. [22] On the other hand, the incorporation of the ZnPc to titanium oxide (TiO2) resulted in the absorption of visible light at 500-900 nm, leading to better photocatalytic activity than pure TiO2 for wastewater decontamination under solar irradiation. [23] In this paper, the effect of ZnPc addition on the properties and photocatalytic activity of MCN for phenol removal under visible light irradiation is discussed in detail.
Experimental
The MCN and ZnPc/MCN were prepared in a way similar to that reported in a previous paper [22] . Commercial ZnPc (96%, Acros) was introduced into the prepared MCN via the impregnation method. A certain amount of ZnPc (0.05, 0.10, 0.50, and 1.5 wt% MCN) was dissolved in tetrahydrofuran (99.8%, Lab-Scan Analytical Sciences). The MCN (0.2 g) was added to the solution under continuous stirring at room temperature until the solvent completely evaporated.
Nitrogen adsorption-desorption isotherms were measured at 77 K with a Micromeritics ASAP 2020. The Brunauer-Emmett-Teller (BET) specific surface area and the BarrettJoyner-Halenda (BJH) pore-size distribution of the samples were determined from the nitro gen adsorption and desorption, respectively. X-ray diffraction (XRD) patterns of MCN and a series of ZnPc/MCN nanocomposites were recorded at room temperature on a Bruker D8 Advance diffractometer using Cu-Ka radiation (1 = 1.5406 A) at 40 kV and 40 mA. Diffuse reflectance (DR) visible spectra were measured on a Perkin Elmer Lambda 900 spectropho tometer, in which barium sulphate was used as the reference in these experiments.
Photocatalytic activities of bare MCN and ZnPc/MCN nanocomposites series were evaluated for the removal of phenol under visible light irradiation. Phenol (99.5%, Scharlau Chemie) solution (50 ppm) was prepared using acetonitrile (99.99%, Fischer Scientific) as a solvent. Before the reaction, the sample (50 mg) was dispersed in the solution (50 mL) and stirred under dark conditions for 1 h to establish the adsorption-desorption equilib rium. The mixture was then irradiated with halogen fibre optic illuminator (MI-150, 150 Watt) equipped with an infrared cut-off filter for 6 h. The sample was then separated from the phenol solution by centrifugation and the filtrate was analysed by using Perkin Elmer Lambda 900 or Thermo Scientific Genesys 10S UV-visible spectrophotome ter. In order to investigate the effect of ZnPc on the photocatalytic activity of MCN, a sim ilar photocatalytic reaction experiment was carried out for 24 h under visible light irradiation using a RG610 cut-off filter.
Results and discussion
The nitrogen adsorption-desorption isotherm and BJH pore size distribution of the pre pared MCN and the series of ZnPc/MCN nanocomposites were measured. As shown in Figure 1 , it was confirmed that the MCN and ZnPc/MCN samples have the type IV isotherm with a hysteresis loop of the H 3 type that corresponded to slit-shaped pore. From the BJH pore size distribution (inset of Figure 1 ), all samples are bimodal mesoporous materials with average small and large pore sizes of around 3.7 nm and 16.5 nm. The smaller pores as the main pores of MCN may have resulted from the removal of the silica template [20, 22] , while the larger one may have come from the aggregates of CN owing to the loss of network structure after the removal of the template, as also reported when melamine and glutaraldehyde were used as the precursors. [24] All samples showed similar pore size distribution, except that the larger pores were diminished for the MCN with 1.5 wt% of ZnPc loading. These results clearly suggested that the addition of ZnPc did not block the main pores of MCN, as also supported by the similar BET specific surface area on all samples, which were in the range of 33-36 m2g-1
The XRD patterns of unmodified MCN, ZnPc/MCN, and ZnPc powder (ICDD card number of 39-1882) are displayed in Figure 2 . It was confirmed that the bare MCN existed in amorphous form. The XRD pattern showed a broad peak at 2U of 13.0° (d = 0.68 nm) that corresponded to the in-planar distance between nitride pores, and typical (0 0 2) peak at 27.6° (d = 0.32 nm) that corresponded to the graphite-like stacking of the conjugated aromatic units of CN. These results were in good agreement with other literatures reported by other groups. [21, 25, 26] It was confirmed that the addition of ZnPc did not affect the structure of MCN. When the amount of ZnPc was less than 1.5 wt%, no diffraction peaks of ZnPc were detected, indicating that such a loading amount of ZnPc was too small to be detected by the XRD. On the other hand, a small diffraction peak of ZnPc at 2U of 6.90°, which can be assigned as (-1 0 1) plane of ZnPc, was observed on the sample with ZnPc loading of 1.5 wt%. It is worth noting that the (-10 1) plane was detected on the ZnPc/ MCN sample instead of the most pronounced (1 0 1) peak in pure ZnPc, which was observed at 2U of 9.25°. This would be due to the lack of a perfectly random arrangement of the ZnPc on the MCN. A similar phenomenon on the preferred orientation of ZnPc was also reported when the ZnPc thin film was deposited on silica by the glow dischargeinduced sublimation technique. [27] The absorption properties of mesoporous materials were investigated and the DR visi ble spectra are displayed in Figure 3 . The bare MCN did not absorb light in the long wave length of the visible region. However, with the addition of ZnPc, a broad absorbance at 500-850 nm was clearly observed. The new absorption in the long visible region indicated the successful impregnation of ZnPc into MCN as well as the excellent properties of the nanocomposite samples to absorb the visible light region at long wavelength, which may enhance the photocatalytic reactions under visible light irradiation. Compared to the absorption peak of pure ZnPc that was reported to be centred at 552 nm due to the Q band absorption related to p-p* transition [23] , the nanocomposite samples showed the Q band absorption in which the centre was red-shifted to 693-698 nm. The red shift would correspond to the change of the environment such as the strong intermolecular interac tions, as has also been reported when ZnPc is incorporated into TiO2 [23] and mesoporous silica. [28] In addition to the red shift, the typical splitting of the Q-band was also observed due to molecular distortion and exciton coupling (Davydov splitting) in the solid phthalocyanine compound. [29] The same effects have been also observed in solid metal phthalocyanines dispersed in various materials. [21, 23, 28] Since the Q-band absorption is very sensitive to the environment of the ZnPc, the dispersion of ZnPc can be revealed from the analysis of the Q-band. [28] For the ZnPc/MCN sample with ZnPc loading amount of 0.5 wt%, the characteristic monomeric ZnPc peaks can be observed at 629 and 698 nm, suggesting that the sample exists predominantly in the monomeric form. On the other hand, the sample with ZnPc of 1.5 wt% exhibited the spectrum with monomer peaks at 629 and 697 nm and dimer-aggregate peaks at 747 nm as well as unresolved broad peaks in the range of 550-600 nm and 630-660 nm, in good agreement with other literatures. [23, 28] The photocatalytic properties of the ZnPc/MCN were investigated for phenol removal reactions under visible light irradiation. It was confirmed that only a small extent of phenol adsorption (ca. 2%) was observed after 6 h in the dark condition. For 6 h-visible light irra diation using halogen fibre optic illuminator (1 > 400 nm), both MCN and ZnPc/MCN showed catalytic activity, as shown in Figure 4(a) . As compared to the bare MCN, the addition of ZnPc with a low loading amount (0.05-0.1 wt%) enhanced the activity (61 62%), but a further increase of ZnPc loading amount (> 0.1 wt%) decreased the activity. It was suggested that when the loading amount of ZnPc was high, the ZnPc covered the sur face that inhibited the phenol molecules from being attached to the surface of MCN for reaction, resulting in a drastic decrease in the photocatalytic efficiency. A previous study also reported a similar trend, in which increasing the loading amount of MgPc dye on the MCN photocatalyst gave undesirable activity for the photocatalytic hydrogen evolution. [21] As also shown in Figure 4(a) , the activities of all nanocomposite samples were much higher than those of pure ZnPc and the bare MCN, suggesting the importance of both ZnPc and MCN.
In order to reveal the function of ZnPc, the photocatalytic reactions were also carried out using an RG610 cut-off filter (1 > 610 nm) for 24 h, as shown in Figure 4 (b). Similar to the case of reaction without the cut-off filter, it was obtained that the addition of a small amount of ZnPc (0.05 wt%) increased the photocatalytic activity of MCN (16%). A further increase in the loading amounts decreased the photocatalytic activity, and finally gave a similar level of activity as the pure ZnPc. This result clearly suggested that the role of MCN was less observed and only ZnPc was activated under the light irradiation (1 > 610 nm) when the loading of ZnPc was too high. Even though both the reactions gave the same trend of activity, the activities shown were much lower than the ones using visible light without cut-off filter (1 > 400 nm) (Figure 4(a) ). This result was reasonable, as the reaction using the cut-off filter would provide lower energy than that without filter. The lower energy (1 > 610 nm) would be enough only for electron transfer from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of ZnPc, which finally transferred to MCN.
Based on the results mentioned above, the function of ZnPc as a photosensitiser to MCN and the reaction mechanism under visible light irradiation can be proposed in Figure 5 . MCN showed the valence band (VB) and conduction band (CB) at 1.66 and -1.13 V, respectively [19] , while the ZnPc showed HOMO and LUMO levels at 0.42 and -1.58 V, respectively. [30] When the photocatalyst is irradiated by the visible light (1 > 610 nm), electrons are excited from HOMO to LUMO of the ZnPc dye. Due to the differ ence in energy levels, electrons at the LUMO level of ZnPc would be transferred to CB of MCN. As a result, holes on the HOMO level of ZnPc hardly recombine with the electrons, but react with phenol directly, while the electrons accumulated on the CB of MCN will react with the dissolved O2 from atmosphere to form *O2-that will further decompose phenol. On the other hand, under visible light irradiation without filter (1 > 400 nm), the electron would not only be excited from ZnPc, but also from VB of MCN to its CB. Phenol would be oxidised by holes generated in VB from both charge transfers mentioned above, while electrons in CB react with the dissolved O2 to form *O2-that will further decompose phenol. Therefore, phenol may react with more holes, thus give higher removal percentage. In addition to the higher possibility for phenol to react with the holes, the electron-hole recombination rate in the ZnPc could also be reduced when using the ZnPc/MCN, and therefore enhance the catalytic activity.
Conclusions
A series of MCN-modified ZnPc was prepared successfully by the impregnation method. The addition of ZnPc extended the absorption of MCN to a long wavelength in the visible region without affecting the surface area and structure of MCN. MCN with the optimum loading amount of 0.05 wt% ZnPc gave high activities of 61 and 16% phenol removal under visible light irradiation after 6-h (1 > 400 nm) and 24-h (1 > 610 nm) reactions, respectively. The extended absorption in the long wavelength of visible light as well as the unblocked surface and pores would be the main factors for the high activity of the ZnPc/ MCN nanocomposites. It was suggested that both ZnPc and MCN played an important role in the electron-hole transport for the reaction. The optimum amount of ZnPc would act as a sensitiser that induced the electron charge transfer and thus decreased the electronhole recombination and enhanced the photocatalytic activity.
